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We report an experimental study of the second-harmonic generation in a type-II InP/A1048Ino 5&As

heterostructure at frequencies of the fundamental beam resonant with the spatially indirect-band-gap
transitions. From the comparison between the second-harmonic spectrum of the heterostructure and
that of an InP crystal in the region 1.15-1.45 eV, we show an enhancement of the second-order suscepti-
bility in the former that is related to the transitions between electron- and hole-confined states. From a
study of the dependence of the second-harmonic generation on the polarization directions and the sam-

ple orientation, the symmetry properties of the second-harmonic tensor have been derived. These corre-
spond to a Tq {bulklike) symmetry class and the data show the predominance, in the visible region, of the
contributions to the second-order nonlinear susceptibility coming from transitions involving high-energy
nonconfined states. The terms of lower symmetry involving only low-energy confined states give in this
case a negligible contribution.

INTRODUCTION

Nonlinear mixing of optical frequencies and linear
electro-optic effects are of great practical interest in opti-
cal communications and integrated optics. Both effects
are;elated to optical second-order nonlinearities, and re-
ceritly have been investigated extensively in asymmetric
or biased quantum wells (QW's) in order to produce opti-
cal nonlinear devices and optical modulators. ' " The
basic idea is that asymmetry produces a localization of
the electrons and holes at different sites of the hetero-
structure and gives rise to large of "giant" dipole mo-
ments which result in an enhancement of the optical non-
linearities. '" The enhancement of the second-harmonic
coefficient in multiple quantum wells (MQW's) has been
obtained through band-gap engineering and composition-
ally asymmetric structures, and has been reported by
several groups. Most of the work has been performed in

the IR, also taking advantage of the multiple resonances
between subbands; ' ' only a few works deal with
second-harmonic generation in the visible. ' Also,
until now, both the experimental and theoretical works
dealt mainly with devices based on type-I QW's, where

charge separation and asymmetry in the structure is ob-
tained either by means of an electric Beld or by composi-
tion.

Heterostructures of type II, in this respect, can offer in-

teresting advantages as they intrinsically provide charge
separation and large dipole moments. Optical nonlineari-
ties in type-II GaAs/A1As QW's have been investigat-
ed, ' but second-order efFects have received attention only
very recently. '

Type-II InP/InA1As QW's offer attractive characteris-

ties for the realization of optical modulators and non-
linear materials: the electrons are localized in InP and the
holes in Al, In„As, giving rise to strong longitudinal
electric fields and large dipole moments. ' ' At the same
time their radiative recombination probability is relative-
ly large, ' indicating a relevant spatial overlap of the
confined electron and hole wave functions and a direct (in
lt space) radiative transition. In addition, as the recom. -

bination energy is lower than the gap energy of the com-
ponent materials, they offer, in addition to a low absorp-
tion at the fundamental frequency, the interesting oppor-
tunity of studying the contribution of a specific transition
to the nonlinear second-order susceptibility. For these
reasons this kind of heterostructure has recently attract-
ed growing attention, and interesting properties, such as
quantum photovoltaic effects' and low lasing thresholds,
have been experimentally demonstrated. '

In this paper we report an experimental study of the
second-harmonic coefficients in a MQW consisting of al-
ternating layers of InP and Al, „In„As.The optical and
luminescence properties of such a heterostructure have
been reported recently, and basic information about the
density of states and the radiative transition probability
are available. ' ' The paper is organized as follows: we
start with a general introduction to the resonant second-
harmonic generation in semiconductors, with particular
attention to the origin of the second-order nonlinearities
in type-II QW's. Then we present the experimental set
up and then the experimental results obtained for bulk
InP and InP-based MQW structures; from a comparison
of these results the contribution of the spatially indirect
transitions to second-order susceptibility is proved.
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GENERAL THEORY

A phenomenological description of second-harmonic
generation in semiconductors, with an incident electric
field in resonance with states near the band gap, has been
developed in the past following several equivalent ap-
proaches' to which we shall refer.

Since in the samples under study the excitonic effects
are negligible, in the following we shall consider only free
charges eventually confined in the wells; if necessary, ex-
citonic contributions can be included in a similar way.

A correlated e-b pair near the band edge gives rise, in
addition to a linear polarization, to a second-order mac-
roscopic polarization P' '(R) defined by the y; k elements
of the second-order susceptibility through the relation

P,.' '(R, 2') =e(g; k(2a), co)Ei(R,co)Ek(R, co),

wher R is a positional coordinate and E k the corn-
ponent of the electric field at frequency co. According to
usual expressions, we have

d'k b,k(2', co, k)[1—n(k}—p(k)]
e(i}(i)k(2a),a))=a,jk(2', a))+g J

I Q' (k) —co— 1

eh
T2

(2)

In (2) the second-order susceptibility is written as the sum
of a nonresonant part a;~k and a near-resonant contribu-
tion related, in our case, to interband transitions of ener-

gy Q,„(k}.The index / labels the different transitions be-
tween levels, n(k) and p(k) are their occupation num-
bers, k is the wave vector of the electron and hole form-
ing the pair, and T2 their dephasing time; the elements a
and b of the tensor are complex functions of the frequen-
cy co and include the local-field correction. ' The occupa-
tion numbers n and p in (2) are usually omitted, but, with
a resonant excitation, band-filling effects cannot be
neglected a priori.

The fields involved in the second-harmonic generation,
E, at the fundamental frequency co„and E2 at the fre-
quency co2=2co„satisfy the usual Maxwell equations for
nonlinear media which can easily be solved in the case of
negligible depletion of the incident beam the explicit
solution requires specification of the polarizations and
geometry of the incident beams, and in the following we
will restrict ourselves to a specific situation of frequent
use. We assume that the nonlinear medium has a symme-
try Td (43 m) or D2d (42 m) and a crystallographic axis
coincident with the normal to the surface n. The incident

field in the vacuum, represented as a monochromatic
plane wave, can be specified completely by the wave vec-
tor k„,the angle of incidence 8;„,the amplitude E„,and
the polarization direction forming an angle y with
respect to the normal to the plane of incidence. The elec-
tric field and the wave vector k, inside the sample are
completely determined by the Fresnel relations for an ab-
sorbing medium with a complex dielectric constant. The
second-harmonic field E2 consists of forward and back-
ward propagating waves at co2', the latter propagates in
the vacuum collinear with the reflected wave at frequency
co&. In our case both waves can be detected but, in order
to minimize the signal from the substrate, it is more con-
venient to detect the reflected second-harmonic wave. In
many experiments we used a specific configuration with
the crystal axes coincident with the reference axes
x,y, z (z~~n}, x and z in the incidence plane, the polariza-
tion vector of E& in this plane, and an incidence angle, in
vacuum, 8;„~45'(corresponding to an angle inside the
sample 8T 12'). In this case the intensity, in the vacu-
um, of the reflected second-harmonic field, polarized
along y, is given by

8

soc I[(nz n+, ) sc(o8 )]T+(a2+~, ) ] I[cos(8„)+n2cos(8T)]+a+&]

[sin(8, }cos (8„)] I2

n, +sc, [ [1+n icos(8„)] + [~,cos(8„)] ]
(3)

where n, (k,. ) is the refracti. ve index (absorbance) at the
fundamental (i =1) or sec(,.id harmonic (i =2} frequen-
cy, I, is the intensity of the incident beam; 8„is the angle
of the harmonic beam with respect to n, in vacuum; and
we have assumed the angles of the beams at co and 2' are
equal to 8z inside the sample.

The second-harmonic intensity exhibits, as a function
of the photon energy, a variation related to the dispersion

of the second-order susceptibility and of the refractive in-
dex and absorbance. In reflection geometry the depen-
dence of the denominator of (3) on co is smooth, so that
the main contribution to this variation arises from y' '.

Let us look more closely at the structure of the
second-order nonlinear susceptibility, for which various
calculations for bulk semiconductors ' and hetero-
structures have been reported. ' " We shall distinguish,
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in our type-II QW's, two contributions to y' '. the first
one derives from conduction and valence states inside the
same layer (InP of Al, ,In„Asin our case) and is not too
different from that which we find in a bulk semiconduc-
tor; the other contribution is specific of type-II hetero-

structures, and is connected to transitions between states
localized at different sites, i.e. electronic states in Inp and
valence states in Al, In„As. The contribution to g' '

from only confined states has been calculated for type-I
heterostructures, ' and looks like

Ne &Pi, il" Ikey, &&Pi, I", 1k', &&43, lrk lki, t &

P bl, b~, b3 l, ~, n
(4)

where N is the number of quantum wells per unit length,

f& I is the Fermi function of the ground state P», P2 i are

the wave functions of the confined states, labeled by the
band and sublevel indices b and m, with energy
%co& (k~~); and g~ is the summation over the terms ob-
tained by the proper permutations. '

All these calculations' take into account only transi-
tions, real or virtual, between confined states and, as stat-
ed in Ref. 1, only the elements y„,g „,and equivalents
are different from zero. This assertion is based on selec-
tion rules for transitions between confined levels, and on
the cancellation between contributions related to states
with difFerent spin orientation. ' For type-II hetero-
structures a similar expression and similar conclusions
can be retained, with the only difference being that now
the confined valence and conduction states belong to
difFerent materials and layers. Then in a three-level mod-
el for y' ' we can take into account a term, labeled yc,
with a representation like (4), where all indices m refer
exclusively to confined states of the conduction or
valence bands located in adjacent layers; a schematic pic-
ture of the transitions involved in this term is given in
Fig. 1(c). The matrix elements appearing in (4) involve
transitions, real or virtual, between confined states, and
conclusions about the symmetry properties of y' ', as well
most of the considerations done in Refs. 1 and 2 for
type-I heterostructures, can be retained for y&. However
as it is rather limiting to neglect all the other states, in
addition to these contributions to y' ', we must consider
those where all involved levels belong to the same layer,
and those which involve levels between confined and
unconfined states in different materials. %e shall label
the former contribution y~, and the latter y„;the three
levels and the transitions involved in each term are
shown schematically in Figs. 1(b} and 1(a), respectively.
For both y~ and y~ the element g, is different from
zero, and is expected to make the main contribution; an
expression like (4) still holds, but in this case at least one
pair of indices (b, m) refers to states lying in the continu-
um. The first term y~ can have one-photon resonances at
energies around those of the direct transitions inside each
component material; the second one g~, on the contrary,
can have one-photon resonances at energies around the
indirect band gap; and both terms can have two-photon
resonances, as shown by (4). In general a quantitative
calculation of second-order susceptibility requires a de-
tailed knowledge of the electronic wave functions and

states and is beyond the aim of the present paper; never-
theless we can obtain some qualitative results about this
quantity and the matrix elements appearing in (4). In
bulk semiconductors the dispersion of y' ' near the band

gap is determined mainly by so-called "two-photon reso-
nances" corresponding to the matching of 2', with the
energy of a transition; for InP, for example, recent calcu-
lations show that, in this region, y' ' is essentially imag-
inary and associated with the density of states at frequen-
cy 2', the one-photon resonances making only a minor
contribution. The term gs will be essentially the same as
that of the bulk semiconductor since, for heterostruc-
tures, only minor changes in the dispersion of y' ' must
be expected from confinement. In other words, in (2}, for
photon energy near that of the indirect band gap, the
main contribution to y~ comes from the product of the
imaginary part of b, k, related"to two-photon resonances,
with the real part of the resonant Lorentzian.

More attention is required by the term yz, involving

3(a)

(b)

2„

FIG. 1. Schematic picture of the transitions and levels ap-

pearing in the terms of the second-order susceptibility. (a)
Transitions involving confined and unconfined states in different

layers, giving rise to y~. (b) Intralayer transitions to be con-
sidered in the term g, for one layer. (c) Transitions involving

only confined states included in y&.
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transitions such as those depicted in Fig. 1(a): two of the
levels to be taken into account correspond to confined
states, in the conduction and valence bands, but the third,
unlike that for gz, corresponds to an unconfined state of
the valence or conduction bands. In this case it results
from (4} that one of the matrix elements refers to intra-
band transitions, the others to interband transitions. One
of these necessarily involves a transition between conduc-
tion and valence states confined in different layers, and
depends on the overlap integral of the electron and hole
wave functions appearing in the dipole moment matrix
element of the linear susceptibility. The other two matrix
elements involve transitions between confined and
unconfined states: one, between states in different layers,
depends on the penetration of the wave functions in the
adjacent material, and is therefore larger for states of
high energy (large l) having a smaller confinement; the
other involves intraband or interband transitions in the
same layer. Then in the case of y„the coefficient b'" is

expected to be related to the "two-photon" density of
states, but also to have a magnitude increasing with the
index /. The transitions between confined and unconfined
states have recently been investigated, showing that the
corresponding probabilities are not at all negligible;
therefore we believe that transitions such as those depict-
ed in Fig. 1(a) can make a relevant contribution to the
second-order susceptibility. We note that tensor y„(and
y~ ) exhibits the symmetry properties of bulk materials
rather than those of yc, as the considerations applicable
to the latter one' no longer hold.

In conclusion, the components of the a and b tensors,
appearing in the phenomenological expression (2), are
complex and frequency dependent; a takes into account
the contribution of the non-resonant states, while b in-
volves the one-photon resonant transitions, as evidenced
by the resonant denominator in (2). For photon energies
near those of the indirect band gap, the one-photon reso-
nances are connected to the tensors y„and yc. The
terms related to tensor b contain, as shown in (4), the
product of three dipole matrix elements between elec-
tronic states: one matrix element refers to the resonant
transition I; the two others refer to transitions involving
only confined states for yc, but for y „

to transitions be-
tween confined and unconfined states. As these tensors
obey different symmetry selection rules, their respective
contributions and weights can be measured with a proper
choice of polarization configuration.

EXPERIMENT

Measurements have been performed on InP bulk sam-
ples and InP/Al& „In„Asheterostructures consisting of
50 periods of alternating layers of 40-A InP and 100-A
Alo48Ino 52As deposited on a 500-pm-thick substrate of
InP. The InP cap layer has been removed by chemical
etching, and the rear surface of the substrate optically
polished. The samples have typical dimensions of 4X4
mm and crystal axes directed along the diagonals. We
have performed two sets of measurements on several sam-
ples at room temperature and at 10 K in a reAection
geometry; in this way, due to the strong absorption of the

second-harmonic beam, the unwanted contribution from
the InP substrate of the heterostructure is eliminated.

In the experimental setup for the study of second-
harmonic generation, the principal source is a
nanosecond Nd:YAG (yttrium aluminum garnet} laser,
with injection seeding, at a repetition rate of 10 Hz
(Quantel YG 580), pumping with its second harmonic a
dye laser (Quantel TDL 50); its wavelength was tuned in
the range 625-740 nm using DCM, LDS 698, and LDS
722 dyes. The working wavelengths, in the range
844—1069 nm (1.47-1.16 eV), were obtained by a Raman
shifter filled with gaseous Hz (Quantel RDS1) delivering
pulses of a few mJ with a spectral width of -0.4 meV.
The IR beam, from the Raman shifter, after spectral
filtering and attenuation, is split in two parts and sent to
two similar apparatuses. In each of them, after passing
through achromatic Fresnel rhombs and Gian-laser
prisms for proper polarization selection, the beam is
tightly focused on the sample with a spot of -0.03 mm .
The beams impinge on the samples at the settled angle 8
with respect to the surface normal; the second-harmonic
radiation, produced in the reQection direction, is collect-
ed by a lens and, after polarization filtering, sent to a dou-
ble monochromator; the transmitted photons are detect-
ed by a photomultiplier and its signal sent to a gated in-
tegrator synchronized with the laser pulses. The outputs
of the two systems, after digital conversion, are collected
by a personal computer (PC) which provides control of
the spectrometers and proper normalization of the sig-
nals. The first of the two apparatuses is used for the
study of the sample under investigation, the second for
generation and detection of the second harmonic on a
reference sample consisting of a platelet of bulk GaAs.
The signal produced by the GaAs crystal is used for the
normalization of the signal generated by the sample un-
der study. This procedure, with an identical excitation
and detection geometry for both samples, minimizes the
effects of the noise and instabilities of the Raman-shifted
beam due to the stimulated process of generation of the
IR radiation. GaAs has been preferred to other reference
materials (e.g., quartz) because it has characteristics simi-
lar to those of InP, and, in the spanned frequency range,
a relatively Qat dispersion of the second-harmonic
coefficient; ' its use has indeed proved advantageous
for an accurate normalization of the data. The
efficiencies of the two detection apparatuses have been
measured using a calibration lamp; their ratio has been
compared with that obtained by placing, on both
branches, two GaAs samples in the same configuration,
and a good agreement between the two was obtained.

RESULTS

The dependence of the signal at 2' on the square of the
intensity Ij of the beam at the fundamental frequency co

has been tested varying Ij over a decade, and turns out to
be very well satisfied in the spanned range of energies for
all tested samples. In order to check the symmetry prop-
erties of the y' ' tensor for the heterostructure, we have
analyzed the dependence of the second-harmonic intensi-
ty on the polarization of the incoming beams, the crystal
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axes orientation (specified by the angle a between the x
direction and a crystallographic axis), and the incidence
angle. Measurements have been performed at several en-
ergies of the incident photon at room temperature. The
search for a signal coming from the elements y, , y,
y „orequivalent has been done in a configuration with
a=0 and both the polarization directions of the incident
beam and the analyzer perpendicular or parallel to the in-
cidence plane (p=O or y=m/2, respectively); no signal
has been observed in these configurations. The signal-to-
noise ratio, in the polarization configuration allowed, is
of the order of 100; thus we can argue that these elements
of y' ' for the heterostructure are at least one order of
magnitude smaller than the element y„,. In addition, we
find that y «=y„», within an error of +10%%uo. The
theoretical calculations reported in Ref. 6 for an
A1As/GaAs heterostructure give a difFerence between
these two tensor elements that is lower than 10%. In
conclusion, from all these measurements, the dependence
of the second-harmonic intensity on the various angles is
in good agreement with that expected for y' ' for a crys-
tal with symmetry Td. We did not find, within the exper-
imental errors, any evidence of contributions deriving
from elements of y' ' related to a lower symmetry (e.g.,
Dgd or Cp„).

The second-harmonic spectra in the range 1.15—1.45
eV for both InP and the heterostructure have been mea-
sured at 10 and 300 K in a configuration with a=O and

y =n /2 The sp. ectra for the heterostructure and the InP
substrate, normalized to that of GaAs, are shown in Fig.
2. A clear enhancement of the second-harmonic signal of
the heterostructure, compared to that of bulk InP, is ob-
served at energies larger than 1.2 eV. In Fig. 3(a) we re-
port the dispersion of ~y' )

~
derived from the above spec-
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FIG. 2. The second harmonic intensity, relative to GaAs, for
InP and the MQW. In the abscissa the energy of the photon at
the fundamental frequency is reported.
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FIG. 3. (a) Modulus of the second-order susceptibility de-

rived from the spectra of Fig. 2 for InP (circles) and the MQW
(squares). Also shown is the PLE spectrum of the MQW (con-
tinuous line). (b) The real (full) and imaginary (empty) parts of
the linear susceptibility y at 300 K for InP (circles) and the
MQW (squares). For the latter the values are calculated, and yo
is the electronic susceptibility at co=0. For InP the values are
taken from Refs. 25 and 26, and we have assumed y, = 10.0.

tra after their reduction with the second-harmonic
eSciency of GaAs, ' the eSciency of the detection ap-
paratus and the numerical factor related to the refractive
indices n; and absorbances k, appearing in (4}. For InP,
n and k have been derived from Refs. 25 and 26; for the
heterostructure the corresponding values around 2m have
been assumed to be equal to those of InP, lacking any in-
formation about them, and those around the fundamental
frequency co derived from recent measurements. Also
shown in the same figure is the photoluminescence excita-
tion spectrum (PLE) of the heterostructure, at 10 K, ob-
tained by detection of the luminescence at 1.22 eV and
exciting with the same nanosecond pulses used for the
second harmonic spectra. For the heterostructure the
spectrum of y( ' can be compared with that of the linear
susceptibility. In Fig. 3(b) we show the dispersion of Imp
calculated on the basis of the theory developed in Ref. 17,
and using the value of the transition dipole moment as a
free parameter for the matching of the measured absorp-
tion coeScient. The calculated absorption spectrum is in
good agreement with the measured excitation spectra re-
ported in Fig. 3(a} and elsewhere. ' ' In the same figure
we also show Rey calculated, up to an additive constant,
through Kramers-Kronig relations. From the compar-
ison of y and g' ' it appears that the latter has an
enhancement that is coincident with the indirect band-
to-band transitions of the MQW. We note, by the way,
that exciton states relative to the spatially indirect transi-
tions have not been detected in these MQW's, and that
direct transitions in the InP and AI, In As layers fall,
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at 10 K, at 1.51 and 1.62 eV, respectively. Thus the ob-
served increase in the second-harmonic generation can
reasonably be ascribed to band-to-band transitions be-
tween electron- and hole-confined states. At high energy
the steepest dispersion, with respect to that of y, shows
that enhancement factors deriving from "two-photon res-
onances" or others must be taken into account. In Fig.
3(b) the dependence of the real and imaginary parts of the
linear susceptibility for InP are shown for comparison.

Other useful information can be obtained from the
dependence of the second-harmonic spectra on the tem-
perature and band filling. As far as temperature is con-
cerned, no significant variations of the second-harmonic
spectra and efficiency have been observed between 10 and
300 K in both InP and the MQW. A possible effect of
band filling on second-harmonic efficiency has been inves-

tigated by sending over the sample, in spatial and tem-
poral superposition with the IR beam at frequency co, a
pump beam at 532 nm. In this way a significant band-
filling eff'ect over a wide range ( —100 meV) can be pro-
duced, and has been observed in both luminescence and
excitation spectra. In these conditions the induced
variations for the second-harmonic generation are found
to be lower than a few percent, which corresponds to the
noise level in the experiment. Hence the observed
behavior is similar to that of the real part of y, for which
the temperature and band filling induce only minor
changes of a few percent or less. In other words, in this
frequency region the main contribution to y' ' from
"one-photon" transitions comes froin the virtual ones be-
tween levels with an energy difference much larger than
/l to.

In conclusion, the observed enhancement of y' ' in the
explored region is related to the continuum of states con-
nected with the spatially indirect transitions of this type-
II heterostructure, but it seems to result mainly from
"two-photon" resonance effects rather than from the
quantum confinement.

Finally, in order to quantify the magnitude ofg„„the
ratio between the second harmonic intensities of InP and
GaAs has been measured: from our measurements at

fico=1.2 eV we find 1.3+0. 1; the spectra of Fig. 1 then
directly gives the relative values of ~y' '~ over the whole
frequency range.

CONCLUSIONS

The second-harmonic spectra of InP and a type-II
MQW of InP/Al, „In„Ashave been measured in the
frequency region 1.15—1.45 eV, covering the range be-
tween the direct and spatially indirect band gaps. From a
comparison of the data relative to the heterostructure
and to InP, a contribution to the second-order suscepti-
bility related to one-photon transitions between confined
states belonging to different layers has been evidenced in
the MQW. From a study of the symmetry properties of
y' ', it has been possible to discriminate between the
different contributions. The terms of y' ' deriving ex-
clusively from transitions between confined states, which
dominate the second-harmonic generation in the IR, in
this case seem negligible in comparison to those also in-
volving transitions with states into the continuum; there-
fore, according to theoretical calculations reported in
Ref. 6, y' ' exhibits full symmetry of the class Td or D2d
As in the case of the bulk semiconductors, the main con-
tribution to the dispersion of y' ' around the gap comes
from the dispersion of the two-photon resonant terms
which, presumably, is responsible for the enhancement
observed in the MQW with respect to InP. Therefore
these results show that the theoretical calculations of y' ',
for second-harmonic generation in the visible, must take
into account in an essential way transitions with the
unconfined states lying at higher energy. The observed
enhancement of the second-harmonic eSciency does not
seem related to the confinement; however, a significant
contribution from confinement can be expected for sam-
ples of better quality, where excitonic states should play a
major role. The samples investigated show, near the in-
direct band gap, an efBcient second-harmonic generation
with a negligible absorption of the fundamental beam; an
improvement of the performances can be obtained in the
future by a proper engineering of the MQW bands. '
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